Study Design. This is a bioinformatic study designed to investigate the time-course expression changes of microRNAs (miRNAs) after spinal cord injury (SCI). Objective. To investigate the mechanism of SCI self-repair at miRNAs level and target genes level. Summary of Background Data. SCI results in loss of sensory and locomotor function, and SCI self-repair might provide clinical therapies; however, the mechanism of SCI self-repair remains unclear. Methods. The miRNA expression profile (GSE19890) of adult female Wistar brown rats (Rattus norvegicus) in SCI (laminectony and contusion), sham (laminectony but no contusion), and control (untreated) groups was downloaded from Gene Expression Omnibus. Totally, 35 chips were available, including five controls, five SCI-1-day, five SCI-3-day, five SCI-7-day, five sham-1-day, five sham-3-day, and five sham-7-day. Betr and limma package were used to screen time-course differentially expressed miRNAs (DEmiRNAs), followed by Bayesian hierarchical clustering (BHC), synergetic and functional enrichment analysis through BHC and cluster Profiler packages, respectively. Furthermore, STRING database and Cytoscape software were used to construct interaction networks between time-course DEmiRNAs, and GenCLip2.0 software was applied to pathway enrichment for key genes associated with nervous system.
S
pinal cord injury (SCI) results in spinal shock, Wallerian degeneration, and loss of sensory and locomotor function below the location of injury. 1, 2 During the past decades, nervous and non-nervous tissue transplantation, neural stem cell transplantation, and cell transplantation in combination with neurotrophic factors (NTFs) were the focuses in pre-clinical research of SCI. A variety of NTFs, including nervous growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT3), and neurotrophin-4/5 (NT4/5) have been identified, acting on p75NTR, TrkA, TrkB, and TrkC receptors, respectively, 3 and promoting axons regrowth, re-myelination, and plasticity. 1, 4 Cell transplantations in combination with NTFs injection is a promising strategy whose human clinical trials have begun 5 ; however, there is still limited clinical therapies. 1 Fortunately, SCI self-repair has been found in humans and experimental animals, 6 and locomotor function of rats is partially recovered in 7 days after SCI. 2 Studies have been conducted to illustrate the molecular mechanisms of SCI self-repair, which involves neuronal survival, axonal targeting, axons regrowth (outgrowth), re-myelination, and plasticity. Various SCI self-repair associated proteins have been found, including axonal guidance molecules (SEMA3), GAP43, CAP23, CDK6, CDC42, NTFs, extracellular matrix components (FN1, laminin, and ; that miR-29 downregulation induces the overexpression of laminin, collagens, and FN1 2 ; that miR-21 and miR-146a inhibit expression of genes that repress cell proliferation, promoting neuron proliferation 9 ; that suppression of miR-129-1 and miR-129-2 induces the overexpression of CDK6 (a G1/S phase-specific regulator), promoting post-mitotic, G1 phase-arrested cells to proliferate 9 ; and that miR-124 promotes nervous system (NS) development by targeting PTBP1 and regulating NS-specific alternative splicing 10 ; however, there is no study particularly focusing on the miRNAs and their targets genes involved in SCI self-repair. 2, 11 In this study, miRNA expression profile (GSE19890) of brown rats with and without SCI at different time-points was downloaded, and time-course differentially expressed miRNAs (DEmiRNAs) were screened out. Then, coregulated target genes of time-course DEmiRNAs with similar expression pattern were identified and enriched in GO (gene ontology) terms. Only the time-course DEmiRNAs and key genes associated with the nervous system development (SCI self-repair) were selected to construct interaction networks. These studies may provide potential directions for further studies on SCI self-repair.
MATERIALS AND METHODS

Microarray Data
The miRNA expression profile (GSE19890, uploaded on January 14, 2010, and updated on March 21, 2012) of brown rats (Rattus norvegicus) was downloaded from Gene Expression Omnibus database (http://www.ncbi.nlm.nih.-gov/geo/). 12 In the original experiment, adult female Wistar rats weighing approximately 200 g were utilized.
2 Rats treated with laminectomie with contusion were defined as SCI group, rats treated with laminectomy but without contusion were defined as sham group, and rats without treatment were defined as control group. For rats in SCI and sham groups, anesthetization was performed by using intraperitoneal sodium pentobarbital at 40 mg/kg (Dolethal, Vetoquinol, Lure Cedex, France). Then, contusion was conducted at vertebral thoracic level 8 (T8) with an impact of 200 kilodynes based on the IH Spinal Cord Impactor (Precision System and Instrumentation, LLC, VA). 2 Finally, a total of 35 chips were available in GSE19890, including five controls, five SCI-1-day, five SCI-3-day, five SCI-7-day, five sham-1-day, five sham-3-day, and five sham-7-day. The corresponding platform was GPL9908 (miRCURY LNA microRNA Array, v.11.0 -hsa, mmu & rno [full array]).
Data Preprocessing
Firstly, probe signals were mapped to miRNA signals based on platform GPL9908, and only probes signals starting with ''rno'' were maintained. Secondly, impute package in R (version 1.40.0, available at http://www.bioconductor.-org/packages/release/bioc/html/impute.html) 13 was utilized to estimate missing values, and k value was acquiescently set as 10. Thirdly, expression values of probes mapped to same miRNA signal were averaged. Finally, preprocessCore package in R (version 1.28.0, available at http://www.bioconductor.org/packages/3.0/bioc/html/preprocessCore.html) 14 was applied to the normalization of expression values between chips.
Time-Course miRNAs and Time-Course DEmiRNAs Screening
The betr package in R (version 1.22.0, available at http:// www.bioconductor.org/packages/3.0/bioc/html/betr.html) 15 was utilized to screen time-course miRNAs, and probability values were calculated, showing the probability of differential expression for each miRNA in a time-course data set. The criterion for time-course miRNAs screening was probability value more than 0.9. Firstly, time-course miRNAs between control and three sham groups were screened out, and defined as false positive time-course miRNAs. Then, time-course miRNAs between control and three SCI groups were screened out. After wiping out false-positive time-course miRNAs, real positive time-course miRNAs between control and SCI groups were identified. Simultaneously, for each time-point, limma package in R (version 3.22.7, available at http://www.bioconductor.org/packages/3.0/bioc/html/limm a.html) 16 was employed to identify DEmiRNAs between control and SCI groups. The criterion for DEmiRNAs was false discovery rate (FDR) less than 0.05. Then, the DEmiRNAs and the time-course miRNAs were overlapped to identify time-course DEmiRNAs.
Clustering Analysis of Time-Course DEmiRNAs
To determine the specificity of time-course DEmiRNAs, gplots package in R (version 2.16.0, available at http:// cran.r-project.org/web/packages/gplots/index.html) 17 was utilized to conduct hierarchical clustering analysis, illustrating the dynamic expression changes of timecourse DEmiRNAs along the time after SCI. To further cluster time-course DEmiRNAs, Bayesian hierarchical clustering (BHC) package in R (version 1.18.0, available at http://www.bioconductor.org/packages/3.0/bioc/html/ BHC.html) 18 was applied. The log odds for merging were calculated through algorisms described by Richard S Savage. 19 
Synergetic Analysis of Time-Course DEmiRNAs
For time-course DEmiRNAs in same BHC clusters, synergetic analysis was performed. Firstly, miRNA-target genes database was established, including miRNA-target interactions screened from databases miRecords, 20 TarBase, 21 HMDD (human microRNA and disease database), 22 TargetScan, 23 PicTar, 24 and DIANA-microT. 25 Secondly, co-regulated target genes of time-course DEmiRNAs in same BHC cluster were identified. Thirdly, clusterProfiler package in R (version 2.0.1, available at http://www.biocond uctor.org/packages/3.0/bioc/html/clusterProfiler.html) 26 was utilized to perform GO BP (biological process) functional enrichment analysis of co-regulated target genes. The criteria for this analysis were P value less than 0.05 and q-value less than 0.05, and co-regulated target genes enriched in nervous system related GO BP terms were defined as key genes.
Interaction Network Construction
Based on the numbers of co-regulated key genes, time-course DEmiRNAs interaction network was constructed and visual ized through Cytoscape (version 2.8, available at http://cyto scape.org/). 27 Online database STRING (Search Tool for the Retrieval of Interacting Genes, available at http://stringdb.org/) 28 was used to investigate interactions between key genes, based on which key genes interaction network was constructed and visualized through Cytoscape. 27 
Pathway Enrichment Analysis of Key Genes
Online software GenCLip2.0 (available at http://ci.smu. edu.cn/GenCLiP2.0/analysis.php) 29 was applied to pathway enrichment analysis for key genes. The criteria for pathway enrichment analysis were P value less than 0.05 and q-value less than 0.05.
RESULTS
Data Preprocessing
The data before and after normalization are presented in Figure 1 . After normalization, knots that represent medians stood on a straight line, indicating that the downloaded raw data were highly normalized. After data preprocessing, a total of 350 miRNAs were obtained.
Time-course miRNAs and DEmiRNAs Screening
Using betr package in R, time-course miRNAs between control and three sham groups (false-positive time-course microRNAs) were screened out (probability value >0.9), including miR-147, miR-21, and miR-30. Further, 97 timecourse miRNAs between control and three SCI groups were screened out (probability value >0.9). After deleting the overlapped time-course miRNA, miR-21, the remaining 96 time-course miRNAs were real positive time-course miRNAs. Simultaneously, 66 significant DEmiRNAs (FDR < 0.05) between SCI-3-day and control groups, and 89 significant DEmiRNAs (FDR < 0.05) between SCI-7-day and control groups were identified through limma package in R. No significant DEmiRNA was found between SCI-1-day and control groups. After overlapping these DEmiRNAs with 96 time-course miRNAs, 68 time-course DEmiRNAs were identified.
Clustering Analysis of Time-Course DEmiRNAs
After hierarchical clustering analysis, control, SCI-1-day, SCI-3-day, and SCI-7-day groups can be distinguished clearly by the 68 time-course DEmiRNAs (Figure 2 ). In addition, time-course DEmiRNAs were divided into two large clusters. In the upper cluster, time-course DEmiRNAs expression values decreased along the time after SCI, whereas in the lower cluster, time-course DEmiRNAs expression values increased along the time after SCI, indicating that these time-course DEmiRNAs might be potential biomarkers of SCI. Further, the lower cluster were divided into two sub-clusters. In sub-cluster 1, time-course DEmiRNAs expression values increased quickly along the time after SCI, and the expression values of SCI-3-day and SCI-7-day groups were much higher than control and SCI-1-day groups. In sub-cluster 2, time-course DEmiRNAs expression values increased slowly along the time after SCI, and only the expression values of SCI-7-day groups were higher than control, SCI-1-day, and SCI-3-day groups. These phenomena demonstrated the complexity of DEmiRNAs expression patterns, and thus, further analysis using BHC was required. After BHC, 68 time-course DEmiRNAs were divided into 15 clusters (Figure 3) . In each cluster, expression patterns of time-course DEmiRNAs were similar.
Synergetic Analysis of Time-Course DEmiRNAs
For each BHC cluster involving more than two time-course DEmiRNAs, synergetic analysis was performed and coregulated genes were identified. After GO BP functional enrichment analysis (P value < 0.05 and q-value < 0.05) based on clusterProfiler package in R, 193 co-regulated genes were enriched in nervous system development, and these genes were defined as key genes that might play important roles in SCI self-repair.
Time-Course DEmiRNAs Interaction Network Construction
Based on the 193 key genes and the numbers of co-regulated key genes, time-course DEmiRNAs interaction network was constructed (Figure 4) . Interactions between miRNAs in cluster 1, cluster 2, cluster 3, and cluster 13 were strong, especially the interactions between miR-185 and miR-329. Taking the numbers of time-course DEmiRNAs in each BHC cluster into account, we proposed that synergetic relationships might commonly exist between miRNAs after SCI.
Key Genes Interaction Network Construction
Interactions between the 193 key genes were investigated through STRING, and key genes interaction network was constructed ( Figure 5 ), involving 150 genes and 473 interactions. The top 10 genes (AKT1, VEGFA, CTNNB1, IGF1, APP, PTEN, CDC42, BDNF, SOD2, and IFNG) with highest degree were listed in Table 1 .
Pathway Enrichment Analysis of Key Genes
For key genes, pathway enrichment analysis (P < 0.05 and q-value < 0.05) were performed through GenCLip2.0 ( Figure 6 ). A total of 11 key genes (AKT1, BCL2, BDNF, CDC42, FRS2, GSK3B, MAPK9, NTRK2, NTRK3, PSEN1, and RAP1A) were significantly enriched in neurotrophin signaling pathway, which was critical for SCI self-repair.
DISCUSSION
Although previous studies also used the GSE19890 expression profile to identify the miRNAs associated with SCI and analyze the function of their target genes (e.g., apoptosis, immune response, cell cycle, inflammatory response, and cell adhesion), 2,9,11 there is no study mainly focusing on the miRNAs and their targets genes involved in SCI self-repair.
In addition, there are also several improvements in the analysis methods in the present study: false positive timecourse miRNAs were wiped out; Betr package and limma package were conjointly employed to screen significant time-course DEmiRNAs, whose expression levels were significantly different between control and SCI groups and changed along the time after SCI; based on time-course DEmiRNAs, control and SCI groups could be separated clearly; both upregulated and downregulated time-course DEmiRNAs were focused; and target genes were screened through multiple databases, identifying an abundance of novel miRNA-target relationships. Thus, we believe our findings may be more credible.
In this study, non-coding miRNA expression profile of rats was analyzed thoroughly, and 68 time-course DEmiRNAs were screened out and divided into 15 BHC clusters. After synergetic analysis, 193 co-regulated target genes of time-course DEmiRNAs were enriched in nervous system development. Then, time-course DEmiRNAs interaction network and co-regulated genes interaction network were constructed, and top 10 genes (AKT1, VEGFA, CTNNB1, IGF1, APP, PTEN, CDC42, BDNF, SOD2, and IFNG) with highest degrees were identified. In addition, interactions between DEmiRNAs, especially miR-185 and miR-329, were significantly strong, indicating that synergetic relationships might commonly exist between miRNAs after SCI. Further, key genes AKT1, BCL2, BDNF, CDC42, FRS2, GSK3B, MAPK9, NTRK2, NTRK3, PSEN1, and RAP1A were significantly enriched in neurotrophin signaling pathway.
Among these genes, BDNF codes BDNF. Binding of BDNF to its receptor, TrkB, elicits MAPK/ERK, PLCg, and PI3K pathways, which are critical for neuronal survival, neurite growth, axonal regeneration, re-myelination, and plasticity. 4 It is reported that miR-183, miR-195, and miR30a which target BDNF, are downregulated after SCI, whereas the expression of BDNF is upregulated, 2 promoting SCI self-repair. In this study, BDNF was targeted by miR-182, miR-381, miR-300-3p, and miR-325-5p, which were significantly down-regulated at 3-and 7-day after SCI. This was consistent with previous studies, and the downregulation of these four DEmiRNAs might accelerate SCI selfrepair through reducing the suppression of BDNF expression; however, miR-324-3p and miR-532-5p also targeted BDNF, and their expression levels were significantly upregulated at 7-day after SCI, suppressing BDNF expression and inhibiting SCI self-repair. We proposed that the balance between miR-182, miR-381, miR-300-3p, miR-325-5p, miR-324-3p, and miR-532-5p might play a critical role in SCI self-repair through regulating BDNF at post-transcriptional level. Further, viral delivery or administration of modified oligonucleotides that mimick or inhibit these miRNAs might provide effective therapies for SCI treatment.
30
CDC42 codes cell division control protein 42 (CDC42), a Rho family GTPase. It is reported that CDC42 alleviate CSPG-mediated inhibition of axons regenerating, and treatment with BDNF and constitutively active CDC42 results in a higher percentage of axons from the corticospinal tract. 31 In addition, SCI caused profound and long-lasting upregulation of CDC42 mRNA in neurons 32 ; however, there is few report about the roles of CDC42-targeting miRNAs in SCI self-repair. In this study, CDC42 was co-regulated by seven miRNAs, of which miR-185, miR-329, miR-340-5p, miR-381, and miR-383 were remarkably downregulated at 3-day and 7-day after SCI. This is consistent with the expression pattern of CDC42 after SCI, promoting axons regenerating. Figure 6 . Pathway enrichment analysis of key genes.
While miR-483 and miR-674-3p, which target CDC42 as well, were up-regulated at 3-day and 7-day after SCI, and this might suppress CDC42 expression and inhibit SCI selfrepair. We predicted that the balance between these timecourse DEmiRNAs might play an important role in SCI selfrepair through regulating CDC42 at post-transcriptional level, providing potential directions for SCI drug design.
To sum up, after SCI, target genes were synergetically or inversely regulated by an abundance of time-course DEmiRNAs at post-transcriptional level, facilitating or inhibiting self-repair. Collective modulation of these miRNAs might provide novel therapies for SCI treatment; however, further in vivo validation is required.
Key Points
We found 68 time-course miRNAs changed their expression after spinal cord injury. 193 co-regulated target genes were enriched in nervous system development. Interaction network of time-course differentially expressed miRNAs was constructed. miRNAs might collectively regulate target genes, facilitating or inhibiting spinal self-repair.
